Background: Platinum-based chemotherapy is the first-line treatment of non-small cell lung cancer (NSCLC); it is therefore important to discover biomarkers that can be used to predict the efficacy and toxicity of this treatment. Four important transporter genes are expressed in the kidney, including organic cation transporter 2 (OCT2), multidrug and toxin extrusion 1 (MATE1), ATP-binding cassette subfamily B member 1 (ABCB1), and ATP-binding cassette subfamily C member 2 (ABCC2), and genetic polymorphisms in these genes may alter the efficacy and adverse effects of platinum drugs. This study aimed to evaluate the association of genetic polymorphisms of these transporters with platinumbased chemotherapy response and toxicity in NSCLC patients.
Background
Lung cancer is a common cancer and the leading cause of cancer-related deaths in the world [1] and in China [1, 2] . Small cell lung cancer and non-small cell lung cancer (NSCLC) are two major pathologic types of lung cancer. Platinum-based chemotherapy is the first-line treatment for NSCLC; however, drug resistance and toxicity are significant obstacles to successful treatment [3] . Although certain genetic polymorphisms have been reported to be associated with the platinum response and toxicity in NSCLC patients, these results conflict with each other [4] [5] [6] [7] . Thus, it is important to discover new biomarkers that can be used to predict platinum-based chemotherapy efficacy and toxicity.
Platinum is mainly eliminated by the proximal tubules in the kidney, and transporters expressed in the kidney play important roles in the distribution and excretion of platinum. Therefore, genetic polymorphisms in these transporters may alter the efficacy and adverse effects of platinum-based chemotherapy [8] . Organic cation transporter 2 (OCT2), encoded by the solute carrier family 22, member 2 (SLC22A2) gene, is a major transporter expressed on the basolateral domain of renal tubular cells in the kidney [9] . OCT2 plays an important role in the uptake of cationic compounds in the kidney, and previous studies have suggested that this transporter plays a potential role in increasing platinum uptake and sensitivity [6, 10] . Multidrug and toxin extrusion 1 (MATE1), encoded by the solute carrier family 47, member 1 (SLC47A1) gene, was identified as an H + -coupled organic cation exporter [11] . This transporter is mainly expressed on the luminal membranes of the renal urinary duct [12] . MATE1 is thought to mediate the final step of the renal tubular secretion of platinum [13] . Previous studies showed that platinum was taken up into the renal proximal tubular cells mainly via OCT2 and secreted into the lumen via MATE1; both proteins were thus associated with the disposition of platinum [14] . ATP-binding cassette (ABC) multidrug transporters play an important role in limiting influx and facilitating efflux to prevent the intracellular accumulation of their own substrate compounds [15] . ATP-binding cassette subfamily B member 1 (ABCB1) and ATP-binding cassette subfamily C member 2 (ABCC2) are important members of the ABC transporter family [16] . Studies have suggested that ABCC2 is involved in the excretion of organic anions, including cisplatin [17] , and ABCC2 has been implicated in platinum resistance and associated toxicity [18] .
Our previous investigation showed that gene polymorphisms could be useful clinical markers to assess the platinum response and toxicity in NSCLC patients [19] [20] [21] . Because ABCC2 and ABCB1 are important members of the ABC family and OCT2 and MATE1 are important transporters mainly expressed in the kidney, our investigation focused on these transporters. In this study, we aimed to evaluate the association of seven important single-nucleotide polymorphisms (SNPs) of these transporters with platinum-based chemotherapy response and toxicity in NSCLC patients.
Methods

Study subjects
The inclusion criteria for the eligible patients were as follows: (1) newly diagnosed with NSCLC, including adenocarcinoma and squamous cell carcinoma as determined by histology or cytology; (2) received at least two cycles of platinum-based chemotherapy; and (3) tumor response and toxicity could be evaluated after two cycles of treatment. The exclusion criteria included patients who experienced the following: (1) radical or biological therapy before or during the chemotherapy; (2) surgery before or during chemotherapy; (3) current pregnancy or lactation; and (4) an active infection or other concomitant malignancies.
All individuals were recruited from The Affiliated Cancer Hospital or Xiangya Hospital of Central South University (Changsha, Hunan, China) between June 2010 and May 2013. All patients provided written informed consent before they participated in this study. The study protocol was approved by the Ethics Committee of Xiangya School of Medicine, Central South University (Registration number: CTXY-110008-1). The clinical research admission was approved by the Chinese Clinical Trial Registry with the registration number of ChiCTR-RNC-12002892 (http://www.chictr.org/cn/).
SNP selection, DNA extraction, and genotyping
Seven SNPs in 4 genes (OCT2, ABCB1, ABCC2, and MATE1) were selected from the National Center for Biotechnology Information (NCBI) database. All of the SNPs satisfied the following criteria: (1) SNPs that were reported to be associated with lung cancer occurrence or development according to the results of existing research; (2) minor allele frequency (MAF) ≥5% in the Chinese Han population; and (3) tagging SNPs selected by Haploview (version 4.2 Cambridge, MA, USA) using pair-wise tagging with default settings (pair-wise r samples, genomic DNA was isolated using a Genomic DNA Purification Kit (Promega, Madison, WI, USA) and stored at −20°C before use. Genotyping was conducted using the Sequenom Mass Array Genotype Platform (Sequenom, San Diego, CA, USA).
Toxicity and response evaluation criteria
The toxicity induced by platinum during chemotherapy was estimated on the basis of the National Cancer Institute Common Toxicity Criteria Version 3.0, in which the extent of toxicity is classified into five grades as follows: grade 1 for mild adverse events; grade 2 for moderate adverse events; grade 3 for severe adverse events; grade 4 for life-threatening or disabling adverse events; and grade 5 for death related to adverse events. We recruited patients who were classified as having grade 0-4 adverse events and divided the patients into two categories. Patients who had grade 0-2 adverse events were regarded as having low toxicity, whereas those with grade 3-4 adverse events were considered as having severe toxicity.
According to the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines (version 1.1), the tumor response was assessed after the first two cycles of chemotherapy by professional clinicians. The responses to therapy were classified into four groups: complete response (CR), partial response (PR), progressive disease (PD), and stable disease (SD). Patients with CR or PR were regarded as being sensitive to platinum, whereas those with SD or PD were considered platinum-resistant.
Statistical analysis
Results
Patient characteristics
A total of 412 patients who received first-line platinumbased chemotherapy were recruited for this study. After excluding some samples, 403 NSCLC patients were eventually enrolled. Seven SNPs were genotyped in these patients, all of which were conformed in HWE (P > 0.05). The basic information on these SNPs and patients is shown in Tables 1 and 2 . The median age of the patients was 56 years (range 21-75 years). Severe overall toxicity occurred in 135 (33.5%) patients. Among these, severe hematological toxicity, hepatotoxicity, and gastrointestinal toxicity occurred in 95 (23.6%), 55 (13.6%), and 35 (8.7%) patients, respectively.
Tumor response was assessed after the first two cycles of chemotherapy. However, we lost the assessment information of 8 patients in the process of sample collection; the remaining 395 NSCLC patients were finally evaluated, and the basic clinical characteristics of these patients are shown in Table 2 . Among them, 115 (29.1%) were regarded as being sensitive to platinum-based chemotherapy, and 280 (70.9%) were regarded as being resistant.
Associations of OCT2, ABCB1, ABCC2, and MATE1 polymorphisms with the overall toxicity of platinum-based chemotherapy
As shown in Table 3 , OCT2 rs316019 was significantly associated with the overall toxicity caused by platinumbased chemotherapy in the additive (OR 0.59, 95% CI 0.37-0.93, P = 0.024) and dominant (OR 0.59, 95% CI 0.36-0.98, P = 0.041) models. Similar results were obtained for MATE1 rs2289669 (recessive model: OR 1.73, 95% CI 1.06-2.82, P = 0.029). OCT2 rs316019 was also associated with hepatotoxicity in the additive (OR 0.42, 95% CI 0.20-0.90, P = 0.026) and dominant models (OR 0.42, 95% CI 0.19-0.93, P = 0.033) and with hematological toxicity in the additive model (OR 0.58, 95% CI 0.34-0.97, P = 0.039). MATE1 rs2289669 was significantly associated with hematological toxicity in the recessive model (OR 1.92, 95% CI 1.13-3.25, P = 0.016). No SNPs were significantly associated with gastrointestinal toxicity in any of the three models.
Stratification analyses were performed to further examine overall toxicity (Figs. 1, 2). The patients were stratified according to four clinical characteristics: squamous cell carcinoma or adenocarcinoma; ≤55 or >55 years of age; non-smoker or smoker; and male or female. Taken together, these results indicate that G allele carriers of OCT2 rs316019 polymorphisms have better tolerance to hematological toxicity and hepatotoxicity, whereas A allele carriers of rs2289669 polymorphisms have poor tolerance to hematological toxicity caused by platinum-based chemotherapy.
Associations of OCT2, ABCB1, ABCC2, and MATE1 polymorphisms with platinum-based chemotherapy responses
The platinum-based chemotherapy responses of 395 NSCLC patients are summarized in Table 4 . There was a significant association of ABCC2 rs717620 with chemotherapy response in the additive (OR 0.64, 95% CI 0.43-0.96, P = 0.006) and dominant models (OR 0.54, 95% CI 0.34-0.86, P = 0.010). However, no significant association was found between other SNPs and chemotherapy response.
Additional stratification analyses are shown in Fig. 3 . Therefore, we concluded that A allele carriers of ABCC2 rs717620 polymorphisms have a better response to platinum-based chemotherapy, especially those who are >55 years of age, smokers, or male.
Discussion
In this study, we investigated whether polymorphisms in transporter genes (OCT2, ABCB1, ABCC2, and MATE1) were associated with toxicity and the response to platinum-based chemotherapy in 403 NSCLC patients. We evaluated the associations of these gene polymorphisms with gastrointestinal toxicity, hematological toxicity, hepatotoxicity, and overall toxicity and performed a stratification analysis of overall toxicity to extract additional information. Our results showed that OCT2 rs316019 was associated with hepatotoxicity and hematological toxicity, whereas MATE1 rs2289669 was associated with hematological toxicity induced by platinum. However, there was no statistical association between either OCT2 rs316019 or MATE1 rs2289669 polymorphisms and the platinum-based chemotherapy response in these patients. We found that only ABCC2 rs717620 may be related to chemotherapy response in NSCLC patients.
Our results showed that OCT2 rs316019 was associated with platinum-induced hematological toxicity, hepatotoxicity, and overall toxicity. G allele carriers had better tolerance to hematological toxicity and hepatotoxicity after platinum-based chemotherapy. Moreover, NSCLC patients ≤55 years old, non-smokers, or those diagnosed with squamous cell carcinoma carrying the G allele of OCT2 rs316019 presented a lower risk of overall severe toxicity than their counterparts. This polymorphism was also associated with chemotherapy toxicity for female patients in the present study. All these results indicated that OCT2 rs316019 was associated with reduced cisplatin-induced hematological toxicity and hepatotoxicity in Chinese NSCLC patients. Numerous variations of the MATE1 gene have been determined to affect the clinical response to cationic drugs. It has also been reported that MATE1 transporter activity was reduced by rs2289669 [22] . Indeed, our results demonstrated that MATE1 rs2289669 was associated with hematological toxicity and overall toxicity during platinum-based chemotherapy. A allele carriers had poor tolerance to hematological toxicity and overall toxicity in the recessive model. Furthermore, NSCLC patients >55 years old in the recessive model, patients who were smokers in the additive and dominant models, and male patients in the additive and recessive models showed associations with overall toxicity in platinumbased chemotherapy.
ABCC2 is an efflux transporter expressed in the bile canalicular membrane, and this protein plays a primary role in the metabolism of many chemotherapeutic agents [23] . ABCC2 expression is present in many tumor tissues and may lead to multidrug resistance [18] . In 1999, it was found that ABCC2 modulated cisplatin resistance through glutathione transport; a mutation in ABCC2 could thus highly influence the sensitivity to cisplatin [24] . In the present study, ABCC2 rs717620 was demonstrated to be associated with the response to platinum-based chemotherapy. Patients who carried the A allele of the rs2289669 polymorphism had better tolerance to hematological toxicity. Furthermore, we found that the ABCC2 rs717620 polymorphism increased the sensitivity to platinum in patients diagnosed with adenocarcinoma, smoker patients, and male patients.
It should be noted that some previous studies reported results that are different from our present investigation. For example, one study showed no association between MATE1 rs2289669 and platinum toxicity. ABCC2 rs717620 had also been found to be moderately Fig. 1 Stratification analyses of the association of the organic cation transporter 2 (OCT2) rs316019 polymorphisms with the overall toxicity of platinum-based chemotherapy in non-small cell lung cancer (NSCLC) patients using the additive, dominant, and recessive models. Each box and horizontal line represents the values of the odds ratio (OR) and 95% confidence interval (95% CI) Fig. 2 Stratification analyses of the association of the multidrug and toxin extrusion 1 (MATE1) rs2289669 polymorphisms with the overall toxicity of platinum-based chemotherapy in NSCLC patients using the additive, dominant, and recessive models. Each box and horizontal line represents the values of the OR and 95% CI. The arrow indicates that the region of the OR was wider than the raw data set according to the computer analysis associated with a poor response to chemotherapy, which was opposite to our results [15] . Although the detailed reasons for these conflicting results remain unknown, we speculate that these inconsistencies maybe due to small sample sizes and different ethnic populations.
In addition, when we calculated the P values for all the SNPs associated with toxicity and response with a false detection rate correction, no SNPs had a statistically significant association. Therefore, to obtain a more solid conclusion, independent replication studies with larger sample sizes should be performed in the future to validate our findings.
Conclusions
Our findings showed that, among Chinese NSCLC patients, carriers of the G allele of OCT2 rs316019 had better toxicity tolerance, whereas carriers of the A allele of MATE1 rs2289669 had poor toxicity tolerance, and carriers of the A allele of ABCC2 rs717620 responded better to platinum-based chemotherapy. These SNPs are potential clinical markers for predicting the response to platinum-based chemotherapy in NSCLC patients. However, further studies with a larger sample size are warranted to validate these findings. Fig. 3 Stratification analyses of the association of the ATP-binding cassette subfamily C member 2 (ABCC2) rs717620 polymorphisms and the efficacy of platinum-based chemotherapy in NSCLC patients using the additive, dominant, and recessive models. Each box and horizontal line represents the values of OR and 95% CI. The arrow indicates that the region of the OR was wider than the raw data set according to the computer analysis
